This paper reports revisions in formulation and new features of the Hybrid-Maize model (released as HM2016), to better simulate yields in harsh rainfed environments. Revisions include updated subroutines for root growth and distribution within the soil profile, greater sensitivity of canopy expansion and senescence to water deficits, an expanded kernel setting period, and soil evaporation as influenced by surface cover with crop residues. The updated model also includes routines for simulating surface runoff and estimating soil water content at sowing based on simulation of soil water balance during the preceding fallow period. Revisions of model functions were based on recent advances in understanding and quantification of maize response to environmental factors and management practices, as well as characteristics of new maize hybrids. More robust simulation of maize yield was obtained with the updated model under rainfed conditions, especially in years and locations with severe drought or on soils with limited water holding capacity. Capability to quantify soil water content at sowing and to perform batch simulations makes HM2016 more useful for pre-season yield projections in years with below-normal soil water recharge and for in-season yield forecasting across a wide range of environments. Revisions to routines governing root distribution and kernel setting make HM2016 a more powerful tool for evaluating hybrid-specific traits and crop management practices for ability to mitigate yield loss from water deficits and for identifying management options for individual production fields.
Introduction
Crop simulation models have been widely used in research, education, extension, and to inform policy making (Bouman et al., 1996; Sinclair and Seligman, 1996; Boote et al., 2010) . While performance of crop models is generally more robust under non-water stress conditions with good management of nutrients and biotic stresses, model performance for crops that experience water deficits (e.g., in harsh rainfed systems with low and highly variable rainfall or soils with limited water holding capacity) has been less satisfactory (Ko et al., 2006; McMaster et al., 2011; Mastrorilli et al., 2003) . Poor model performance has been attributed to relatively poor under-Abbreviations: LAI, leaf area index; WSI, water stress index; DS, development stage; RGR, root growth rate (for depth); ET, evapotranspiration; ET0, grassreferenced evapotranspiration.
(rainfed or partially irrigated) conditions based on daily weather data. Specifically, it allows users to: (a) assess yield potential and its variability at a given location based on historical weather records, (b) evaluate changes in yield potential using different combinations of sowing date, hybrid maturity and plant density, (c) identify optimal timing and amount of irrigation applications for highest yield and irrigation water use efficiency, and (d) make in-season yield forecasts based on real-time weather up to the current date and a probability distribution of final yield based on historical weather records for the remainder of the growing season. The Hybrid-Maize model does not account for yield losses due to suboptimal nutrient management or from weeds, insects and pests, diseases, lodging, and other stresses.
The Hybrid-Maize model combines the strength of two maize simulation approaches represented by Wageningen models, including WOFOST (Van Diepen et al., 1989) and INTERCOM (Kropff and van Laar, 1993; Lindquist, 2001) , and by the CERES-Maize model (Jones and Kiniry, 1986; Kiniry et al., 1997) . The previous versions of the Hybrid-Maize were developed in 2004 (Yang et al., 2004) and 2006 (Yang et al., 2006) . Since then, research has led to improved understanding and quantification of crop growth processes and responses to water deficit, and maize breeders have continued to improve drought tolerance and other traits of maize hybrids. These advances have not yet been incorporated into the Hybrid-Maize model to improve its robustness and applicability across diverse environmental and management conditions. Earlier versions of Hybrid-Maize have been used to assess maize yield potential and yield gaps (Van Wart et al., 2013; Farmaha et al., 2016; van Ittersum et al., 2016) , evaluate management options (Chen et al., 2011; Grassini et al., 2011a; Witt et al., 2006; Meng et al., 2013) , the impact of climate change (Cassman et al., 2010; Chen et al., 2013; Lobell et al., 2009; Meng et al., 2014) , water productivity (Grassini et al., 2009 (Grassini et al., , 2011b , yield and production forecasting (Sibley et al., 2014; Morell et al., 2016) , and nutrient management (Meng et al., 2012; Setiyono et al., 2011) across diverse maize systems and mostly favorable production environments worldwide. Feedback about performance under severe water deficit, however, indicated room for model improvement. Likewise, evolution of computer operating systems, software and hardware continue to provide opportunities to improve functionality of application software like Hybrid-Maize. As developers of the original Hybrid-Maize model, we also received feedback from users about opportunities for adding new model features and applications, all of which provided motivation for revision of the model. Specific objectives of this paper are to: (1) document revisions to the Hybrid-Maize model as now included in HM2016, as compared to the 2006 version (HM2006), with regard to root distribution, canopy expansion and senescence in response to crop water deficit, kernel setting, surface runoff, soil evaporation and crop transpiration, estimation of soil water content at sowing based on simulation of water balance during the fallow period, and a new batch run function, and (2) evaluate the ability of the revised model to reproduce a wide range of measured maize yields from well-managed field studies under rainfed and irrigated conditions. Description of the model and a detailed user's guide describing all model functions and underpinning equations can be found at www.hybridmaize. unl.edu.
Revisions of model functions

Root growth and soil profile distribution
In HM2006, root length distribution by soil depth largely followed the CERES-Maize approach (Jones and Kiniry, 1986) . In essence, rooting depth progresses following growing degree days (GDD) accumulation and reaches the user specified maximum depth at development stage (DS) 1.15. The rooting length distribution is V-shaped with the tip at the maximum rooting depth ( Fig. 1 ). However, some studies have reported that roots of new maize hybrids can reach 150 cm or more in soils without constraints to root growth (Dardanelli et al., 1997; Djaman and Irmak, 2012; Tolk et al., 2016) , and the effective lateral root length distribution is more cylindrical in the upper rooting zone (0-30 cm) followed by a conical shape at lower depths (Hammer et al., 2009) (Fig. 1 ). This suggests that, given the same soil depth, the soil volume from which the maize root system acquires water (and nutrients) is greater than simulated in HM 2006. In the revised routine of HM2016, maximum rooting depth still occurs at DS 1.15 (typically 5-7 days after silking), but the increase of rooting depth (Depth root ) from emergence to DS = 1.15 is simulated as a function of growing-degree days (GDD, T base = 10 • C) as follows: ifDepth root < Depth max , thenDepth root = sumGDD10 * RGR else, Depth root = Depth max in which Depth max is the user-specified maximum soil rooting depth, sumGDD10 is the sum of growing degree days from germination to a particular date, and RGR is the root growth rate (cm per GDD). RGR is calculated as potential hybrid rooting depth (one of the hybrid-specific parameters that can be modified by the user and different from Depth max ) divided by sumGDD10 to DS 1.15. In general, root growth of most crops decreases substantially or ceases at onset of rapid dry matter accumulation in reproductive structures (Borg and Grimes, 1986) . Although there are few data on genotypic differences in potential rooting depth of modern hybrids, we expect most commercial hybrids can extract water from 1.5 m depth which is the default setting for the hybrid-specific potential rooting depth in HM2016. We do not recommend that users modify this default value unless they have strong evidence that the hybrid they simulate has a deeper or shallower potential rooting depth. In contrast, Depth max represents the depth of soil without physical or chemical restrictions to root growth. Users should reduce the default value for simulations on soils with restrictions to root growth at a shallower depth due to hard pans, bedrock, caliche, sand lens, soil toxicity, salinity, or acidity. For example, if there is a hard pan at 75 cm depth that roots do not penetrate, then Depth max should be set at 75 cm.
During early growth when rooting depth is ≤30 cm, root length distribution is assumed to a be V shaped as described as Jones and Kiniry (1986) :
where WUweight absolute and WUweight relative are the absolute and relative water uptake weight of the layer, respectively, Depth layer is the depth of the layer (to its lower end), Depth root is the current rooting depth, and VDC is the vertical distribution coefficient that determines the shape of the exponential function. The greater the VDC, the greater the WUweight for upper layers. The default value of VDC is set at 3. As roots grow deeper (>30 cm), roots in the upper soil layer will likely cross into space occupied by neighboring roots, and as a result, the effective extraction zone for individual plants will become a cylindrical on top and a V shape underneath, similar to the semicircular root profiles evaluated by Hammer et al. (2009) . Field observations by Dwyer et al. (1988) also support this proposition. It is assumed that this situation occurs when roots are deeper than 30 cm and the relative water uptake weight of the top three layers becomes equal:
In which superscript 1, 2 and 3 denote layers 1, 2 and 3 with a depth of 10 cm for each layer.
Impact of water deficit on canopy expansion and senescence
In Hybrid-Maize, daily crop water stress index (WSI) is defined as WSI = (1-Tranp actual /Transp max ), where Tranp actual is the actual daily crop transpiration rate, and Transp max is the maximum transpiration if the crop is well watered. In HM2006, crop water deficit affects canopy expansion by reducing photosynthesis and, hence, net assimilation to sustain leaf area expansion. Keating et al. (2003) suggest a greater reduction in canopy expansion rate due to the direct (i.e., other than mediated through carbon availability) impact of water deficit on leaf area expansion than currently used in HM2006. Following Keating et al. (2003) , daily leaf area expansion (PLAG) decreases linearly until WSI = 0.5 when leaf area expansion ceases.
Canopy expansion stops at silking and senescence begins thereafter, although some leaf area senescence can occur earlier due to ageing and light competition (Jones and Kiniry, 1986; Lizaso et al., 2003) . In addition to the leaf senescence caused by leaf aging, shading, and heat stress, which were already accounted for by HM2006 (Yang et al., 2006) , HM2016 includes an additional routine that accelerates canopy senescence due to water deficit: at WSI of 1 (i.e., full stress), LAI will decrease by a fixed fraction of current LAI (default = 3% per day, but this value can be modified by users) and a linear interpolation is used to estimate the fraction of senesced leaf area for WSI ranging from 1 to 0 (Saseendran et al., 2008) .
Kernel setting
Kernel setting determines the size of the sink for maize grain filling (Kiniry et al., 1992; Yang et al., 2004) . How much of this 'sink' is realized will depend on daily net photosynthesis during grain filling, contribution of carbohydrate reserves to kernels when daily dry matter production and carbon remobilization from stem does not meet the demand for grain filling, and duration of the grain filling period. HM2006 used the total dry matter produced from silking to the start of effective grain filling for estimation of kernel setting (Yang et al., 2004) . More recent studies suggest a wider window of time for kernel setting determination (Otegui et al., 1995; Andrade et al., 1999; Otegui and Andrade, 2000) . Therefore, in HM2016, a curvilinear function was used to set the number of viable grains per plant (GPP) based on the average plant growth rate (PSKER) during a critical kernel setting window of 340 GDD 8 (base temperature of 8 • C) centered on silking date:
is the cumulative net dry matter adjusted for maintenance respiration of grain (GRRG; 0.49 g CH 2 O g −1 ), IDURP is the duration in days of the 340 of GDD 8 period, PSKER is the average daily dry matter accumulation per plant (mg d −1 ) during this period, G2 is the potential number of grains per plant, and the value of 676 is the maximum kernel number per plant averaged for common hybrids in North America (Jones and Kiniry 1986; Yang et al., 2016) . The threshold value of PSKER for grain setting is 1000 mg d −1 plant −1 , as found by Tollenaar et al. (1992) and Andrade et al. (1999 Andrade et al. ( , 2002 , which is slightly greater than the threshold for grain setting used in HM2006 (Yang et al., 2004) .
Surface runoff
Surface runoff occurs when rainfall intensity exceeds the water infiltration rate. Field slope, soil drainage class, and the amount of crop residues on the soil surface largely determine the amount of surface runoff (Littleboy et al., 1992; Niehoff et al., 2002) . A new routine was added to HM2016 that estimates water loss from runoff to better account for water infiltration to soil, especially in fields with steep terrain, soils with slow infiltration rates and/or little residue cover. The routine follows the simplified approach of Soltani and Sinclair (2012) :
in which S (in cm) is the retention parameter and is estimated as:
in which CN is the curve number for a particular combination of slope and drainage class based on Ritchie (1998) and CN adj is the adjusted CN after accounting for the fraction of soil covered by crop residues (soilCoverFrac), and min is the function that takes the minimum of two values in the parentheses. This subroutine is most relevant for fields with relatively uniform slope that are not influenced by run-on from neighboring fields. Pictures for different soil cover conditions, and associated soil cover fractions, can be accessed through a button in the Hybrid-Maize model user interface to aid determination of the residue cover condition at the time of sowing or initiation of the simulation during the fallow period before sowing. Seasonal reduction of soil surface coverage due to residue decomposition is not taken into account by the model.
Crop transpiration and soil evaporation
Daily grass-referenced evapotranspiration (ET0) is one of the daily weather inputs required to run Hybrid-Maize (Allen et al., 1998) . If ET0 is not available in the weather data, the model contains a utility program, called WeatherAid, to calculate ET0 from solar radiation, maximum and minimum temperature, air humidity, and wind speed using the FAO Penman-Monteith method (Allen et al., 1998) . HM2006 used the method of Driessen and Konijn (1992) for estimation of actual crop ET. The revised version adopted the method of Allen et al. (1998) for the estimation of crop ET, which is largely based on Ritchie (1972) . ET0 from the weather input data must first be adjusted to reflect ET of a well-watered maize field with LAI >4, which typically has greater ET than a well-watered short grass due to differences in canopy height and aerodynamic roughness (Connor et al., 2011) . Based on Allen et al. (1998) , the adjustment is:
in which adjET0 is the ETO adjusted for maize canopy, and the denominator (4.5-3.5) is the range of LAI when the adjustment starts at LAI of 3.5 to the end of the transition when the adjustment becomes the largest at 1.2 at LAI of 4.5. Maximum transpiration (Transp max ) is then estimated to account for canopy size (i.e., LAI):
in which k is the light extinction coefficient (default = 0.55). Potential evaporation (Evap pot ) is estimated as:
Maximum evaporation (Evap max ) is estimated by accounting for the effect of soil coverage by crop residues (Rosenberg et al., 1983) :
in which soilCoverFrac is the fraction of soil surface that is covered by crop residues.
Actual soil evaporation (Evap act ) is estimated using the 2-stage method in Allen et al. (1998) . Soil evaporation is assumed to occur in the top 10 cm soil depth, and actual evaporation rate will be at maximum (Evap max ) when soil is wet (i.e., Stage-1):
Actual evaporation rate will begin decreasing, and does so continuously, when soil water content drops below a threshold (Stage-2). This threshold (stage2EvapWater) is estimated following Allen et al. (1998) :
EvapWater max = (soilFCtheta − 0.5 * soilPWPtheta) * 10 step2EvapWater = step2threshold * EvapWater max waterForEvap = (soilTheta − 0.5 * soilPWPtheta) * 10 Evap act = Evap max * waterForEvap/step2EvapWater in which EvapWater max is the maximum amount of water that can evaporate, soilTheta, soilFCtheta and soilPWPtheta are the topsoil volumetric water contents, topsoil field capacity, and topsoil permanent wilting point (all three in fraction), respectively, 10 is the depth (in cm) of the evaporating soil depth, and stage2threshold is a fraction of EvapWater max typically ranging from 0.5 to 0.7 and is set at 0.7 as default in HM2016.
Estimation of soil water recharge during the fallow period
Soil water content at sowing is the starting point for tracking soil water balance throughout the growing season. In HM2016, users can choose to start the water balance simulation up to 11 months before sowing and let the model simulate the soil water balance and soil water content during the fallow period up to sowing date (Fig. 2) . The model simulates the water input from precipitation and losses from runoff, soil evaporation, and deep percolation during the fallow period to estimate soil water content at sowing in the season to be simulated. This method is more reliable in environments where precipitation during the fallow period mainly occurs as rainfall rather than snowfall and where soil water does not freeze during wintertime, which can limit infiltration of melting snow at the soil surface.
Other revisions
The new version of the Hybrid-Maize has a batch run function that uses an Excel spreadsheet template to allow input settings for a single simulation on individual rows in the spreadsheet. Instructions are provided on how to provide the input data. Using this batch function, users can run in one batch as many simulations as one Excel spreadsheet can hold (i.e., more than one million in Excel 2007) and simulation results are saved to the same Excel file. Using functions such as copy and paste can make the process of setting up a large number of simulations very time efficient. The entire HM2016 software package, including its utility program WeatherAid, has been upgraded to be fully compatible with the current windows operation system, including Windows 7-8.
HM2016 also includes a new function to account for crop killing by frost when daily minimum temperature reaches −2 • C or below. This function, however, does not initiate until 30 days after emergence as the maize plant is more tolerant to frost damage during the early vegetative growth (Carter, 1995; Nielsen and Christmas, 2005) .
Datasets used for validation
Two datasets were used to validate HM2016 and for comparison to the previous version of Hybrid-Maize (HM2006). Dataset 1 consisted of 47 year-site combinations in which maize yield was measured in field studies that explicitly strived for optimal management to avoid yield loss from nutrient deficiencies, weeds, insects and disease, and weather, crop management, and soil data were available (Table 1) . This dataset included irrigated and rainfed maize fields located in four major US maize producing states, including Illinois (IL), Kansas (KS), Iowa (IA) and Nebraska (NE). An additional three site-year dataset measured seasonal dynamics of LAI, total aboveground biomass, as well as final grain yield. They were used to evaluate the model's capacity for dynamic simulation of LAI and aboveground biomass.
In irrigated fields, water was applied to avoid water deficits. Weather data for each site was collected from a nearby station in the High Plains Regional Climate Center (http://www.hprcc.unl. edu/) or the Illinois Climate network (http://www.isws.illinois.edu/ ). Required soil properties for each rainfed field, including soil texture and rooting depth, were measured in-situ or obtained from the USDA-NRCS database via http://casoilresource.lawr.ucdavis.edu/ gmap/. Simulations were based on crop management information 1992, 1993, 1994, 1995, 2005, 2006 from the sources in Table 1 or our best estimate when information was missing. Among the 47 cases, 17 were rainfed while 30 were irrigated. This assessment substantially expands the evaluation of HM2006 performed by Grassini et al. (2009) .
Dataset 2 consisted of 33 rotation-year combinations of rainfed maize during 2001-2009 in Colby, KS (Table 2) . Except for 2001, each year had four rotation treatments, each of these treatments had a different previous crop. Hence, each treatment had different soil water content at sowing time. Crop management followed best management recommendations for rainfed maize in that region. Except for crop sequence, crop management in each year was consistent for the four treatments relative to choice of hybrid, sowing date, plant population, nutrient inputs, and crop protection. The field had uniform silt-loam soil texture without restrictions to root growth to 1.5 m depth. The top 30 cm soil depth had a field capacity (FC) of 36% volumetric water content (%v/v) and a permanent wilting point (PWP) of 14%v/v, while the subsoil had FC and PWP of 33%v/v and 13%v/v, respectively. Soil water content at sowing was measured at 30 cm increments using a neutron probe. Daily weather data were obtained from an on-site weather station. Crop phenology was based on semi-weekly observations, and maximum LAI represented LAI around silking. Crop failure (i.e., zero yield in 2002 and 2003) and below normal rainfall in some years (e.g., only 199 mm in 2006) highlights the severe water limitation some of these crops experienced. Hence, this database provides a rigorous test of the revised model in very harsh environments for rainfed maize production.
Sensitivity analysis
Sensitivity analysis was performed to evaluate how simulation results change as a result of the five major revisions in HM2016 (as described above) compared to HM2006. We used grain yield and stover biomass as the target variables for the sensitivity analysis. Because all five of the major revisions would have the greatest impact under drought conditions, we used the 33 cases of Dataset 2 for the sensitivity analysis, which include a number of observations under severe water limitation. Each of the five major revisions was incorporated into HM2006 without changing the rest of the routines, and the revised program was subsequently run for the 33 cases of Dataset 2. The simulated grain yields and stover biomass were compared with the corresponding results of HM2006 and the magnitude of the changes relative to simulations with HM2006 were used to assess how the major revisions have contributed to improve simulation results.
Statistical analysis
The comparison of simulated and measured values for yield and other simulated variables were based on the root mean square error (RMSE) and mean error (ME), which were computed as follows:
In which S is the simulated result, M the measured result, n the number of total pairs of simulated and simulated data. In addition, linear regression analysis was performed to assess biases in the relationship between simulated and observed yields.
Results
Grain yield and total aboveground biomass
For the total of 50 site-year observations under rainfed conditions, with moderate to severe water limitation in most cases, HM2016 simulated yield significantly better than HM2006 (Fig. 3) . The coefficient of determination (r 2 ) between simulated and measured yields increased from 0.89 for HM2006 to 0.94 for HM2016. Relative to measured yields, RMSE decreased from 2.5 Mg ha −1 (HM2006) to 1.2 Mg ha −1 (HM2016), while ME dropped from 1.9 Mg ha −1 (HM2006) to 0.5 Mg ha −1 (HM2016). Moreover, the slope of the regression equation between simulated and measured yields improved from 0.79 for HM2006 to 0.96 for HM2016, while the intercept dropped from 2.92 Mg ha −1 (HM2006) to 0.71 Mg ha −1 (HM2016). For cases where severe water deficits caused dramatic yield losses, e.g. most cases at Colby, KS and many at North Platte NE, simulated yields by HM2016 were in much better agreement with measured values than with HM2006. For the 33 cases of Dataset 2 for which measurements of harvest index (HI) were available, simulated HI from HM2016 agreed better than HM2006 with measured values as indicated by large reductions in RSME and ME (Fig. 4) . For irrigated fields, however, there was no significant difference between the two versions of the model (HM2006 simulation results not shown) and simulated yields agreed well with observed values (Panel C of Fig. 3 ). To summarize, HM2016 was considerably more robust at reproducing measured yields, across a diverse range of environments and crop management practices with respect to sowing dates, hybrid maturity, and plant populations without detectable bias across a range of yields from complete crop failure to 18 Mg ha −1 .
Dynamics of biomass production and canopy senescence
Seasonal dynamics of total aboveground biomass and LAI were measured only at Mead, NE in 2011 and 2013. In 2011, both HM2016 and HM2006 gave similar results in terms of seasonal pattern of aboveground biomass production and LAI. A full soil profile in terms of soil water content at sowing, total rainfall of 556 mm during the growing season, and good rainfall distribution from sowing to maturity (inset in Fig. 5) indicated that 2011 was a relatively wet year at this location and therefore the crop did not suffer water deficit. In 2013, however, HM2016 simulated faster leaf area senescence during the last phase of grain filling due to lack of rainfall and water deficits during this period (inset in Fig. 5 ). Further evidence of water deficit in 2013 comes from an irrigated simulation Table 1 ) and 2 (in Table 2 ). Root mean square error (RMSE), mean error (ME), and linear regression analysis parameters are indicated. Diagonal dashed line indicates y = x. Solid black lines show the fitted linear regression model. Encircled data point was excluded from the calculation of RMSE, ME and linear regression analysis because observed yield was affected by frost damage during grain filling. Justification for excluding the site with frost damage from all regressions comes from the fact that frost damage can be very site-specific because it is often associated with small differences in elevation within a relatively flat landscape due to pooling of cold air. Therefore, frost damage may be larger or smaller in a given field compared to simulated damage from the closest weather station. Fig. 4 . Harvest index based on measured and simulated results using HM2006 and HM2016 Dataset 2, which includes 33 rainfed maize crops grown during 2001-2009 at Colby, KS (see Table 2 ). scenario for total biomass and LAI (the dashed lines in the lower part of Fig. 5 ), which showed that total biomass would continue to increase and the LAI would decrease more slowly without water deficit during the later phase of grain filling.
Kernel setting and duration of grain filling
Simulated maize kernel setting was evaluated for the 33 cases at Colby, KS, which is a harsh environment for rainfed maize crop as indicated by sparse in-season rainfall amounts (Table 2) . When water deficit occurred during the kernel setting window (approximately three weeks bracketing silking), HM2016 predicted a larger impact on kernel setting than HM2006 (Fig. 6 ). For the eight cases with crop failure (i.e., zero yield), HM2016 simulated zero kernel setting rate (as% of maximum number of kernels of 675 per plant) and only 9% and 10% kernel setting for other two cases. In contrast, HM2006 simulated a much higher rate of kernel setting, and especially in years with complete crop failure. Across the 33 cases, HM2016 simulated an average kernel setting rate of 42% while the value from HM2006 was 57%, which documents the improvement of HM2016 in terms of quantifying the impact of drought stress around silking on maize kernel setting.
The difference between HM2016 and HM2006 in responsiveness of canopy senescence to water deficit was also shown in the simulated drought-induced termination of crop growth and thus the duration of the grain filling phase for the 33 cases at Colby, KS (Fig. 7) . On average, HM2016 simulated 4 days shorter grain filling duration than HM2006 with a range from 0 to 15 days, with the magnitude depending largely on the in-season rainfall in each year, especially during reproductive growth phases.
Sensitivity analysis
Among the five major revisions (i.e., revisions 1-5), root length distribution and kernel setting had the greatest effects in a waterlimited environment, but in opposite directions: the revised root length distribution resulted in higher grain yield, whereas the revised kernel setting led to lower grain yield (Fig. 8, left panel) . On average, the absolute effect from kernel setting (59%) on grain yield is greater than that of root length distribution (43%), and as a result, the net effect is expected to result in lower yields. In comparison, the other revisions, including canopy expansion and senescence, runoff and crop ET, did not have significant impacts on simulated grain yield, with an average effect ranging from −1% Fig. 5 . Simulated and measured seasonal dynamics of total aboveground biomass (left panels) and LAI (right panels) using HM2016 and HM2006 for rainfed maize grown in 2011 and 2013 at Mead, NE. The inserts in the right panels show daily rainfall amounts from sowing to physiological maturity. Rainfall in 2011 growing season was sufficient to meet plant water requirements throughout the growing season whereas there was a dry period during part of the grain filling in 2013. Because 2013 was a dry year, simulation of fully irrigated maize crop (the dashed line) was added to show the difference in total biomass and LAI between rainfed and fully irrigated crops. The field was on annual rotation with soybean, with maize sown in odd-numbered years. Table 2 ). Average kernel setting rate was 57% and 42% for HM2006 and HM2016, respectively. to −13%. Despite the relatively small effects from these other revisions within the limits of observations provided by Dataset 2, we can envision situations in which these factors may have greater influence on final yields. For example, the fields in which the experiments were conducted for Dataset 2 had relatively little slope and thus the runoff revision would not be expected to have a large influence.
The effects of model revisions on stover biomass were smaller than the impact on yield, ranging, on average, from 8% to −9%. An exception was kernel setting, which has a large (58%) positive effect on stover biomass when limited water supply reduces sink size (Fig. 8, right panel) . This trend occurs because of (1) accumulation of photosynthate in stem (Christensen et al., 1981) and (2) less use of carbohydrate reserve in stem for grainfilling (Hume and Campbell, 1972) . However, the magnitude of the increase in stover biomass under reduced kernel setting is likely over-estimated as photosynthetic rate is also likely to reduce when the sink size is reduced (Christensen et al., 1981) but the model lacks the feedback mechanism.
Discussion
Modeling crop growth and yield under limited water supply has been a significant scientific challenge due to a large number of interacting soil and plant factors that determine the final impact on grain and biomass yields. To meet the increasing demand for more robust simulations in water-limited environments, we attempted to revise the Hybrid-Maize model to improve its capacity to account for the impact of water deficits on maize development, growth, and yield. To that end, subroutines were revised with regard to Fig. 7 . Difference in the duration (HM2006 minus HM 2016, days) of grain filling as simulated by HM2006 and HM2016 for Dataset 2 (in Table 2 ) of the 33 rainfed maize crops grown during 2001-2009 at Colby, KS. The difference in simulated duration was, on average, 4.2 days shorter with HM2016 than by HM2006. soil water balance, soil profile root distribution and water uptake, and the impacts of water deficit on canopy expansion, senescence, dry matter production, and kernel setting. Compared to HM2006 (the earlier version), HM2016 (the revised version) produced simulation results in much better agreement with measured yield, aboveground biomass, and harvest index, across a wide range of environments with yields ranging from 0 to 18 Mg ha −1 . Among the major revisions, the revision of root distribution led to a greater root length density in the entire soil profile, resulting in higher grain and stover yields in water-limited environments. However, this effect was partly offset by reduced kernel setting that was simulated with HM2016 due to the impact of drought stress on crop growth rate around silking stage. While the other revisions had relatively small effects on grain and yield, together, on average, they contributed to a grain yield reduction of 1-13%.
These model improvements are consistent with recent advances in understanding the improved performance of newer maize hybrids in terms of stress resistance, including drought, compared to older hybrids, especially as related to the competition for resources imposed by increasing inter-plant competition at higher plant densities (Tollenaar and Lee, 2002; Campos et al., 2004 Campos et al., , 2006 . Indeed, producer plant populations have increased steadily in recent decades (Pioneer, 2014; Grassini et al., 2014) , leaving a smaller lateral topsoil volume for water extraction by individual plants. This may lead to a change in root distribution from a V shape throughout the profile to a combined cylindrical shape in topsoil and a V-shape below, thus increasing the soil volume for plant water acquisition, which may impart additional drought tolerance as suggested by Hammer et al. (2009) .
In addition to improved sensitivity of kernel setting under water deficit, HM2016 better captures impact of limited water supply during grain filling through accelerated leaf senescence and, as a result, earlier termination of grain filling when there is persistent water deficit, as documented by Saini and Westgate (2000) . These improvements are make the revised model considerably more responsive in simulating maize yields in harsh rainfed environments like those found in the western US Corn Belt where crop water deficit is likely to occur around pollination and during the grain filling in a majority of years.
The inclusion of routines for water runoff can potentially make the revised model more accurate at simulating soil water status in fields with steep terrain and environments with high frequency of intense rainfall events. The added effects of crop residue cover on water runoff and soil evaporation make HM2016 simulations of soil water balance more responsive to tillage method and conservation practices.
Despite the improved predictive power of HM2016, relative to HM2006, there remain other impacts of severe water deficit that are not yet effectively accounted forHM2016. These factors include reduction of effective LAI due to leaf rolling (Asim and Rabiye, 2007) , the increase in canopy temperature that occurs under water limited conditions (Gonzalez-Dugo et al., 2005) , and heat stress during pollination (Cicchino et al., 2013; Gabaldon-Leal et al., 2016) . Each of these effects may last only a few hours during mid-day heat and are difficult to quantify in models with a daily time step temperature. Additional field data are also needed to develop and calibrate useful subroutines for quantifying these effects on yield, and a model that runs on an hourly time step may be needed as well.
Conclusion
Moderate to severe water deficit is common in many rainfed maize production environments worldwide. Yield losses from water deficit result from a number of interacting processes that involve soil water balance, crop growth, canopy senescence, and kernel setting. Most of the processes are difficult to mathematically describe and simulate in crop models. We revised the Hybrid-Maize model in an attempt to improve maize yield simulation under rainfed conditions with water deficit. The revisions and new rou- tines address those processes and the impact of water deficit on them. Likewise, we improved simulation of soil evaporation, surface runoff, and estimation of soil water content at sowing based on the soil water balance during the fallow period up to sowing time. Together, these changes make the revised Hybrid-Maize more robust at simulating yields over a wider range of environments and field conditions. Consequently, these improvements make the model more useful in research on crop traits and management options to mitigate yield losses from water deficits, and for supporting in-season crop management decisions and yield forecasts. Documentation of these changes as provided in this paper, and in greater detail in the users' guide , will facilitate future model development by others, and the HM2016 has been released to the public and is available at http://hybridmaize.unl. edu/.
